Over the past few years, CuH-catalyzed hydroamination has been discovered and developed as a robust and conceptually novel approach for the synthesis of enantioenriched secondary and tertiary amines. The success in this area of research was made possible through the large body of precedent in copper(I) hydride catalysis and the well-explored use of hydroxylamine esters as electrophilic amine sources in related copper-catalyzed processes. This mini-review details the background, advances, and mechanistic investigations in CuH-catalyzed hydroamination.
Introduction
Due to the ubiquitous and indispensible presence of aliphatic amines in biologically active molecules, the development of general methods for their preparation have been the target of considerable effort in the past few decades. [1] Nucleophilic substitution, reductive amination, and metal-catalyzed allylic substitution are general and widely used strategies for amine synthesis. [2] Hydroamination, the net addition of an amino group and hydrogen atom across a carbon-carbon double bond, represents a complementary and direct approach to access amines from readily available alkene and alkyne precursors. While the overall process is generally feasible from a thermodynamic perspective, the hydroamination of unactivated substrates is not kinetically viable in the absence of a catalyst. In addition, the use of a catalyst provides the opportunity for control over the chemo-, regio-, and stereoselectivity of the reaction. Consequently, efficient, general, and selective catalysis for hydroamination has been a much sought-after goal for synthetic chemists.
Hydroamination reactions can be broadly classified in terms of regiochemical outcome. Markovnikov hydroamination results in the installation of an amino group on the more substituted carbon of the alkene while an anti-Markovnikov process installs an amino group on the less substituted carbon. Markovnikov hydroamination commonly generates α-branched amine products of type 2 and introduces a stereocenter. Thus, enantioselective variants of this process are especially valuable for their potential applicability to the enantioselective preparation of medicinally relevant amines with the formation of a new stereogenic center. On the other hand, the anti-Markovnikov hydroamination of simple alkenes provides direct access to linear, aliphatic amines of type 1, a common structural motif found in pharmaceuticals, agrochemicals, and natural product isolates. The factors that govern regioselectivity for particular hydroamination processes will be discussed in more detail later in this mini-review.
A variety of approaches toward catalytic hydroamination have been advanced, including metal-catalyzed, [3] Brønsted acid-catalyzed, [4] radical-mediated, [5] and pericyclic processes. [6] In the vast majority of these, a primary or secondary amine is directly employed as a substrate, resulting in the formal addition of the N-H bond of the amine across the carbon-carbon π bond. These protocols are, therefore, ideal from the standpoint of atom economy, and the amine precursors are readily available. While these previously reported processes represent considerable advances in catalysis, and many of the reported methods are efficient and selective, the development of hydroamination methods that are reliably stereoselective, mild, and applicable to a wide range of both functionalized and unfunctionalized substrates, including unactivated olefins, remains an important objective of ongoing research.
In 2013, two research groups independently reported the use of ligated copper(I) hydride (CuH) species as key catalytic intermediates for enantio-and regioselective hydroamination reactions. [7] In these protocols, the amino group is derived from an electrophilic aminating reagent while the hydrogen atom is delivered from a hydridic source, the CuH species. Although this reversed polarity diminishes the atom economy of the hydroamination process, this strategy possesses several advantages over previously reported hydroamination approaches. For instance, the steric and electronic properties of the aminating reagent can be systematically adjusted, a property that was exploited in several of the recently reported hydroamination protocols. Furthermore, while CuH complexes are well known for reducing certain carbonyl groups, [8] these species are otherwise remarkably chemoselective toward olefin or alkyne insertion. Thus, sensitive functional groups are often tolerated, and the substrate scope is generally broad. In addition, the reactions proceed with excellent regioand enantiocontrol for a wide range of substrates. Finally, the use of mild reaction conditions and an earth-abundant transition metal are additional attractive features of this approach.
Development and study of copper(I) hydride complexes, hydroxylamine esters and related reactions
The development of CuH-catalyzed hydroamination drew upon a large body of precedent pertaining to the use of copper(I) hydride (CuH) complexes for reductive transformations in organic synthesis, as well as the use of hydroxylamine esters as electrophilic aminating reagents for the Cu-catalyzed formation of C-N bonds. Although copper(I) hydride was first prepared as a polymeric solid in the 1840s, [9] well-defined, phosphine-ligated CuH complexes were not studied until the latter half of the 20 th century. [10] In the late 1980s, Stryker popularized the use of a hexameric CuH complex, [(Ph 3 P)CuH] 6 , as a mild reagent for the 1,4-reduction of α, β-unsaturated ketones and esters. [11] Shortly after the development of CuH complexes as stoichiometric reagents, efforts were made to utilize these complexes in a catalytic fashion. In an early report, Brunner demonstrated that Cu-phosphine complexes catalyzed the hydrosilylation of acetophenone with modest levels of enantioinduction. [12] Subsequently, high-pressure hydrogen gas was also found to regenerate the CuH species for the catalytic, conjugate reductions of α, β-unsaturated ketones. [13] Lipshutz later developed a more practical procedure for the use of [(Ph 3 P)CuH] 6 under catalytic conditions by employing Bu 3 SnH or PhSiH 3 as the stoichiometric hydride source. [14] The first highly enantioselective application of CuH chemistry was achieved by employing a chiral bisphosphine ligand (Tol-BINAP, L1) to effect the asymmetric 1,4-reduction of prochiral α, β-unsaturated esters. [15a] In this system, phosphine-ligated CuH species 3 is believed to undergo enantioselective addition into the C-C double bond of unsaturated ester 4, followed by transmetalation of resulting copper(I) enolate 5 with the hydride source, polymethylhydrosiloxane (PMHS), to regenerate CuH species 3 (Scheme 2). Several other classes of α, β-unsaturated compounds were subsequently demonstrated to be suitable substrates for this process. [15] Important developments by Lipshutz have led to the identification of several catalyst systems, including those based on the BIPHEP and SEGPHOS-ligated CuH species, that are exceptionally active and enantioselective for ketone and imine reduction. [16] Although activated olefins, such as enoates, enones, and vinylnitriles, have been thoroughly investigated as substrates for CuH catalysis, other types of alkenes have only been explored recently. In 2009, Yun reported a Cu-catalyzed enantioselective hydroboration of simple styrenes in which the olefin substrate was proposed to undergo hydrocupration in the presence of a bisphosphine-ligated CuH species, providing an important precedent for the use of less activated alkenes in CuH-mediated processes. [17] Prior to their use as aminating reagents for CuH-catalyzed hydroamination, hydroxylamine esters had already been widely employed as electrophilic sources of nitrogen in C-N bond forming reactions. Early on, Boche demonstrated that organolithium and Grignard reagents undergo uncatalyzed amination in the presence of N,N-dialkylhydroxylamine O-sulfonate esters to form tertiary amines. [18] Subsequent reports detailed the use of a copper catalyst to increase reaction rates and yields for the electrophilic amination of Grignard reagents. [19] The use of readily prepared and stable N,N-dialkylhydroxylamine O-benzoates for Cucatalyzed amination was first reported by Johnson in 2004. In the presence of catalytic CuOTf or CuCl 2 , these reagents react with diorganozinc compounds to afford the tertiary amine product with high synthetic efficiency under mild conditions. [20] A mechanistic study of this process was later reported in which the authors proposed that Zn to Cu transmetalation first occurs to give organocopper intermediate 7, which displaces the benzoate leaving group of hydroxylamine ester 6 in an S N 2-like fashion to form transient Cu(III) intermediate 8 (Scheme 3). Tertiary amine product 9 and copper(I) benzoate species 10 are then generated upon rapid reductive elimination. [21] Subsequent work has also demonstrated that N-heterocyclic carbene (NHC) or phosphine ligated copper catalysts can mediate the coupling of aryl boronic esters and silyl ketene acetals with hydroxylamine Obenzoates to form the respective aminated products. [22] A two-step, formal anti-Markovnikov hydroamination procedure was reported by Lalic for the conversion of terminal alkenes to tertiary amines through the intermediacy of an alkyl boronate ester. [23] In this procedure, alkene 11 undergoes uncatalyzed hydroboration in the first step to afford alkyl boronate ester (Scheme 4). The second step is proposed to proceed through transmetalation to produce organocopper intermediate 12 which undergoes amination with hydroxylamine O-benzoate reagent 13 to give the linear amine 14. In support of the proposed catalytic cycle, an alkylcopper species (IMesCuEt) was prepared and shown to be viable in the electrophilic amination as a stoichiometric intermediate and catalyst.
Prior to the reports of Cu-catalyzed hydroamination, an analogous aminoboration process was reported in which a styrene was converted to the 1,2-aminoboronate in the presence of B 2 pin 2 and a hydroxylamine O-benzoate reagent. [24] The process was proposed to proceed via borocupration, followed by interception of borylated alkylcopper species 15 by aminating reagent 13. The reaction proceeded in a stereospecific manner, and an enantioselective variant was also demonstrated using (S,S)-Me-DuPhos (L3) as the ligand for copper (Scheme 5). This transformation was later generalized to methylenecyclopropanes and bicyclic alkenes. [25] A recent report disclosed that terminal alkene substrates could be converted to either regioisomer of the 1,2-aminoboronate product with high selectivity, depending upon the boron source and catalyst system used. [26] 
Copper(I) hydride-catalyzed hydroamination -discovery, scope, and mechanistic insight
In 2013, two research groups independently reported the CuH-catalyzed hydroamination of alkenes with N,N-dialkylhydroxylamine O-benzoates to produce tertiary amine products. Miura and Hirano disclosed that styrenes react with hydroxylamine O-benzoate reagents to afford branched benzylic tertiary amines in the presence of a CuH catalyst and LiOt-Bu. [6a] Use of an electron poor 1,2-bis(diphenylphosphino)benzene derivative (CF 3 -dppbz, L4) as the ligand for copper afforded hydroamination product with high efficiency. By employing (S,S)-Me-DuPhos (L3) or (R,R)-Ph-BPE (L5) as the ligand, the reaction could be rendered enantioselective with enantiomeric excesses of up to 94% (Scheme 6). A variety of styrenes and β-substituted styrenes were found to be suitable substrates for this process.
The proposed mechanism for this transformation is shown in Scheme 7. Initially, a copper(I) alkoxide species (LCuOt-Bu, 16) is generated under reaction conditions and undergoes transmetalation with the hydrosilane to form CuH complex 17. Styrene 18 reacts with the CuH complex 17 to form chiral benzylcopper species 19, which then intercepts hydroxylamine O-benzoate reagent 20 to generate enantioenriched benzylic amine 21 and phosphine-bound copper(I) benzoate 22. Copper(I) benzoate 22 then undergoes transmetalation with LiOt-Bu 23 to regenerate copper(I) alkoxide 16 to complete the catalytic cycle.
In an independent and contemporaneous study reported by Buchwald, a DTBM-SEGPHOS (L6) based copper catalyst was reported to effect the enantioselective hydroamination of arylalkenes in excellent yield and enantioselectivity (Scheme 8). [6b] This CuH-catalyzed process was found to be suitable for a range of arylalkenes, including β-substituted and β,β-disubstituted styrenes. A reaction was conducted on a 10 mmol scale using β-substituted styrene 24 with 1 mol % catalyst loading to demonstrate the scalability of the procedure. In contrast to the requirement for LiOt-Bu under Miura and Hirano's protocol (Scheme 7), the addition of exogenous base was unnecessary for this system, and transmetalation of the copper(I) benzoate species with hydrosilane was proposed to take place directly. In both reports, complete Markovnikov regioselectivity was observed, which was explained by the electronic stabilization of the benzylcopper species relative to the isomeric primary alkylcopper. [27] The same DTBM-SEGPHOS-based CuH catalyst was also reported to effect the antiMarkovnikov hydroamination of terminal alkenes to generate linear aliphatic amines (Scheme 9). [6b] This protocol was found to be effective for a wide variety of terminal alkenes and amine electrophiles. Due to the mild reaction conditions, substrates containing functional groups such as a terminal epoxide and a terminal alkyl bromide were efficiently transformed to product. Anti-Markovnikov regioselectivity was rationalized by selective olefin insertion into the CuH species to form the sterically less-encumbered alkylcopper intermediate.
The CuH-based hydroamination technology has also been extended to oxa-and azabicyclic alkenes (Scheme 10) by Miura and Hirano. [28] In the reported process, the optimal catalyst was found to be a combination of CuCl and (R,R)-Ph-BPE (L5). The enantioselectivities obtained ranged from moderate to excellent and a wide range of amine electrophiles, including one derived from the hindered 2,2,6,6-tetramethylpiperidine, could be successfully employed.
A CuH-catalyzed enantioselective synthesis of α-aminosilanes has been reported by Buchwald (Scheme 11). [29] Due to their potential application as amino acid bioisosteres in medicinal chemistry, there is considerable interest in the enantioselective preparation of these compounds. [30] Using the previously reported DTBM-SEGPHOS-based CuH catalyst system, high enantioselectivities and yields were observed for a series of vinylsilanes and hydroxylamine O-benzoate electrophiles. In this report, it was noted that (E)-and (Z)-vinylsilanes both reacted to provide the same enantiomer, but the (E)-vinylsilane isomers reacted faster and with a generally higher level of enantioselectivity. Hydroamination occurred with exclusive Markovnikov regioselectivity, which was rationalized by the hyperconjugative stabilization of the proposed alkylcopper intermediate by the adjacent silyl group. [31] Compounds containing an amine group with a stereocenter positioned β to it are found in a number of pharmaceuticals and natural product isolates. The enantioselective antiMarkovnikov hydroamination of 1,1-disubstituted alkenes represents an attractive route for the synthesis of this type of amine, but a process to effect this transformation remained elusive due to the low reactivity of 1,1-disubstituted alkenes towards many transition metal catalyzed processes, as well as the relatively undifferentiated nature of the enantiotopic faces of these substrates. [32] In 2014, Buchwald reported that the DTBM-SEGPHOS-based CuH catalyst system was able to facilitate this transformation. [33] Excellent levels of enantioselectivity were observed when there was a significant difference in size between the two substituents of the 1,1-disubstituted alkene (25-27, Scheme 12). In some cases, steric differences relatively far from the site of reactivity also resulted in synthetically useful levels of enantioinduction (28, Scheme 12) . Other substrates, including 1,1-disubstituted vinylsilanes, limonene, deuterated alkenes, and estrone-derived olefins, all proved suitable for this transformation. Lastly, a hydroamination reaction with (R)-limonene was conducted on a 10 mmol scale to demonstrate the robustness of this methodology. As discovered by Lipshutz, triphenylphosphine could be used as a secondary ligand to enable low catalyst loadings (0.4 mol%) to be used in this system. [15b] CuH-catalyzed hydroamination has also been successfully applied to alkynes, a readily accessible class of substrates. [34] Under different sets of conditions, both enamines and alkylamines could be selectively prepared from the same starting materials. In the absence of a proton source, a series of arylalkynes were efficiently converted into the respective enamines (Scheme 13). Enamine products were formed with excellent regio-and diastereoselectivities (>20:1 α:β amination, >20:1 E/Z). The regiochemical outcome of the transformation was rationalized by stabilization of the vinylcopper species by the neighboring aryl group. When a protic additive (EtOH or i-PrOH) was included, arylalkynes and alkylacetylenes were converted to α-chiral branched aliphatic amines and linear alkylamines, respectively. Reports by Tsuji [35a] and Lalic [35b] on the CuH-catalyzed semireduction of alkynes to cis-alkenes in the presence of a proton source provided precedent for this transformation. The regioselectivity and enantioselectivity (for branched amines) of the process were again found to be uniformly high. This hydroamination technology was applied to the asymmetric synthesis of rivastigmine, a drug used to treat dementia, and the formal syntheses of duloxetine, atomoxetine, fluoxetine, and tolterodine, all pharmaceutical agents used to treat a variety of ailments.
The proposed mechanisms for the two alkyne hydroamination processes, enamine formation and alkylamine formation, are displayed in Scheme 15. Alkyne insertion into copper(I) hydride species 29 forms vinylcopper 30, which could then branch into two separate pathways. If there is no proton source available, then alkenylcopper intermediate 30 intercepts hydroxylamine O-benzoate 31 to generate enamine 32 (Scheme 14, "direct hydroamination"). In the presence of an alcohol additive, protonation occurs to generate copper(I) alkoxide 33 and cis-alkene 34. Regeneration of the copper(I) hydride species 29 followed by olefin insertion regenerates aliphatic copper(I) intermediate 35. Electrophilic amination yields the enantioenriched aliphatic amine 36 and copper(I) benzoate 37 (Scheme 14, "reductive hydroamination"). Transmetalation of copper(I) benzoate 37 with silane 38 regenerates copper hydride species 29.
Hydroamination of the alkyne substrate followed by reduction of the resultant enamine was considered as an alternative mechanism for the formation of aliphatic amine 36. To test this possibility, enamine 39 was subjected to standard hydroamination conditions with or without protic additives. In either case, starting material was recovered nearly quantitatively. Neither benzylic amine 40 nor diamination product 41 was observed (Scheme 15A). On the other hand, hydroamination of cis-stilbene (42) in the presence of ethanol as the proton source provided the reduced chiral amine product 43 in 97% yield, with only a trace of alkane 44 also observed (Scheme 15B). These experiments provide strong support for semireduction followed by alkene hydroamination as the operative mechanism for the formation of aliphatic amine 36.
In 2015, Buchwald extended the CuH-catalyzed hydroamination strategy to the direct enantioselective synthesis of secondary chiral amines (Scheme 16). [36] In initial experiments, it was found that N-benzylhydroxylamine O-benzoate 45 could be successfully employed as a monoalkylamine transfer agent for the hydroamination of styrene to afford the secondary amine in 60% yield and 96% ee. Low yields, however, were observed when this amine transfer agent was used for the hydroamination of ortho-or β-substituted styrenes. To improve the efficacy of the aminating reagent, various N-benzylhydroxylamine O-carboxylate esters were synthesized and tested in this hydroamination reaction. It was found that the monoalkylamine transfer agent containing a 4-(dimethylamino)benzoate group (46) provided the highest yields. This modified amine transfer reagent was shown to be generally useful for the installation of monoalkylamino groups on a range of functionalized and substituted arylalkenes. To highlight the potential applications of this chemistry, cinacalcet, a treatment for hyperparathyroidism, was synthesized with this protocol. Several pharmaceuticals, such as chlorpromazine, loratadine, and tolfenamic acid, were also successfully coupled with these modified amine transfer agents, illustrating the potential use of this methodology in late stage derivatization of clinically relevant precursors.
NMR studies demonstrated that in the presence of copper catalyst and hydrosilane, Nbenzylhydroxylamine O-benzoate ester 45 is consumed much more rapidly, presumably through CuH-catalyzed reduction, than the analogous dialkylamine transfer agent 20 (Scheme 17). Competition experiments between hydroxylamine O-benzoate 45 and 4-(dimethylamino)benzoate 46 also show that the more electron-rich benzoate 46 is reduced by the CuH catalyst at a much slower rate than the parent benzoate 45. The slower unproductive consumption of the electron rich reagent by CuH was believed to account for the improved yields observed.
Unactivated internal olefins are a common yet rarely exploited class of feedstock chemicals in organic synthesis. In particular, there are few asymmetric transition metal-catalyzed hydrofunctionalization reactions that utilize unactivated internal olefins as substrates. [37] The scarcity of such transformations may be ascribed to several factors, including the low binding affinity of the alkene to the metal center, slow migratory insertion, and the possibility of undesired chain-walking isomerization processes. [38] Nevertheless, their use in enantioselective hydroamination is potentially valuable, since the resultant chiral α-branched amines possess stereocenters with minimally differentiated alkyl substituents. Such amines are often only accessed with difficulty. [39] In 2015, Buchwald reported a CuH-catalyzed procedure for the hydroamination of unactivated internal olefins. [40] Notably, the protocol was suitable for the enantioselective synthesis of amines bearing methyl-ethyl stereocenters using trans-2-butene, a bulk commodity chemical, as the olefin substrate (Scheme 18). As in the case of the monoalkylamino aminating reagents discussed earlier, use of the more electron-rich 4-(diethylamino)benzoate amine electrophile was crucial for attaining high yields in this challenging transformation. A series of internal olefins and amine electrophiles were amenable to this chemistry. Chiral α-branched olefins were prepared with uniformly high (≥96% ee) levels of enantioselectivity. In cases where an unsymmetrical alkene was used, steric differentiation could be used to generate products in a moderately regioselective manner with each regioisomer generated in nearly optically pure form. Two pharmaceutical agents, cinacalcet and paroxetine, were readily diversified with this chemistry in a catalystcontrolled manner.
Computational studies on the hydrocupration step were presented in this study. The free energy barriers for the hydrocupration of styrenes, unactivated terminal olefins, and unactivated internal olefins were computed. The results suggest that unactivated internal olefins undergo hydrocupration more slowly than terminal alkenes or styrenes by several orders of magnitude (Scheme 19). Hydrocupration was tentatively proposed to be enantiodetermining, and calculations suggest that the high levels of enantioselectivity observed for this transformation originate from the spatial arrangement of the aryl groups on the phosphorus atom during the hydrocupration step. As is commonly observed for transition metal catalyzed reactions employing C 2 -symmetric ligands, [41] the aryl groups of the ligand were computed to adopt pseudoaxial and pseudoequatorial orientations in the transition state, wherein the equatorial aryl substituents closely approach the olefin. These steric interactions were proposed to play a dominant role in stereoinduction.
Outlook and conclusions
Drawing on important precedent in copper hydride chemistry and electrophilic amination using hydroxylamine ester reagents, CuH-catalyzed hydroamination has recently been developed as a general and broadly applicable strategy for the regio-and stereoselective synthesis of amines. This methodology has rapidly evolved to encompass the use of a wide range of amine electrophiles and olefins, providing a strategy for the synthesis of secondary and tertiary amines, including several examples for which stereoselective strategies were previously unavailable. [42] Mechanistic and computational studies have provided insight into several aspects of this chemistry, including the basis for enantioinduction, the role of the amine electrophile, and the viability of copper-catalyzed isomerization processes.
There are still a number of features or versions of this chemistry that are not optimal. For example, amines derived from tri-and tetrasubstituted alkenes are currently not accessible, presumably due to the challenging hydrocupration step. Moreover, satisfactory protocols that utilize electrophilic aminating agents to transfer aromatic amines or ammonia (or its equivalents ) have not yet been realized. Finally, while published methods often include requirements for long reaction times and the rigorous exclusion of air and moisture, solutions to these issues will be the subject of a soon to be submitted manuscript.
